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ABSTRACT 

This repor t  descr ibes  the resul ts  of steep-incidence V L F  measurements  

conducted a t  Wallops Island, Virginia, which complemented D-region rocket 

experiments ca r r i ed  out by the University of Illinois. 

indirectly the variability of non-deviative absorption caused by the formation 

of the C-layer prior  to ground sunrise .  

The V L F  data  reveal  

On the basis of severa l  electron density distributions and plausible 

collision frequency profiles, the non-deviative absorption of severa l  assumed 

C-layers is computed. Also, the results of full-wave solutions by the U.S .  

Navy Electronics  Laboratory and the Radio and Space Research  Station 

(Slough) are presented. 

conclude this report .  

The implications of the theory and experiment 
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Reverse (page iv) Blank 



I 

I 
I 
I 
I 
I 
I 
I 

I 

I 

I 
I 

I 

I 

I 

I 
I 
I 

CIR 
I 

TABLE O F  CONTENTS 

ABSTRACT 

A. INTRODUCTION 

B. DESCRIPTION O F  EXPERIMENTAL TECHNIQUE 

1. REFLECTION .AND CONVERSION COEFFICIENTS 

2. ISOLATION O F  THE DOWNCOMING WAVE 

C. EXPERIMENTAL RESULTS 

1 .  

2. 

V L F  MEASUREMENTS IN JULY 1964 

V L F  MEASUREMENTS IN NOVEMBER 1964 

a. Abnormal Component i n  November 1964 

b. Normal  Component in  November 1964 

D. THEORE TICAL CONSIDERATIONS 

1. PRE -SUNRISE CHANGES IN THE LOWER IONOSPHERE 

2. HOLT'S C-LAYERS 

3 .  ROCKET C-LAYER PROFILE 

4. NON-DEVIATIVE ABSORPTION EQUATION 

5. COLLISION FREQUENCY PROFILES 

6 .  RESULTS O F  FULL-WAVE COMPUTATIONS AND NON- 

DEVIATIVE C-LAYER ABSORPTION CALCULATIONS 

7. DEEK'S ELECTRON DENSITY PROFILES 

8. R-ESIJLTS OF FULL-WAVE COMPUTATIONS BY RADIO 

AND SPACE RESEARCH STATION (SLOUGH) 

E. DISCUSSION O F  RESULTS 

F. CONCLUSIONS 

ACKNOWLEDGEMENTS 

Page 

iii 

1 

3 

4 

5 

7 

' 7  

12 

12 

1 2  

1 7  

17 

19 

19 

21 

24 

2 1  

3 0  

5 Q  

3 5  

41 

A 2  -r2 

- V -  



I 

TABLE OF CONTENTS (Cbnt'd) 

APPENDIX A - SOLAR ZENITH ANGLE 

APPENDIX B - SUNRISE GEOMETRY 

APPENDIX C - ADJUSTMENT OF THE ANTENNA SYSTEMS 

APPENDIX D - PROPAGATION PATH AZIMUTH 

APPENDIX E - RECEIVING SYSTEM 

APPENDIX F - V L F  DATA FOR $NOVEMBER 1964 

REFERENCES 

Page 

45 

49 

53 

57 

59 

65  

99 

-vi- 



LIST O F  ILLUSTRATIONS 

Figure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Components of the Field at  the Ground (Bracewell, 
1952) 

ABL6.L for July, 15, 1964 

A3LZE for .July 16-17, 1964 

Abnormal Component for  July 15 and 16, 1964 

Abnormal Component for July 17, 1964 

Diurnal Variations for  July 16- 17, 1964 

ABLIL for Nov. 12, 1964 

Abnormal Component for Nov. 1 2 ,  1964 

NORLIL for Nov. 18, 1964 

Normal Component for Nov. 12, 1964 

Electron Density Profiles Deduced for Different Solar 
Zenith Angles (0. Holt, NDRE Report No. 46) 

C-Layer Profile for  15 July 1964 at Wallops Island, 
Virginia (Bowhill, E t  A l . ,  1964) 

Electron Collision Frequency Profi les  (After Deeks, 
1964) 

Electron Collison Frequency vs Height 

Deeks' Night and Holt's Sunrise Electron Density 
Prof i les  

Deeks' Night and Holt's S u n r i s e  Electron Density 
Profiles 

Results of Full-  Wave Computations by Radio Research 
Station (Slough) 

Diurnal Behavior of the Ionospheric Layers  Da and Dp 
During the Equinoxes, According to Bracewell and Bain 
(1952)- 

Theore t ical  C- Layer s 

Page 

3 

8 

8 

10 

10 

11 

13 

14 

15 

16 

20 

22  

25 

26 

28 

31 

32 

3 3  

36 

39 

-vii-  



LIST O F  ILLUSTRATIONS (Cont'd) 
--..-__.__I--.-.-._ -I ~ .... 

Figure 

A. 1 

B. 1 

B. 2 

c. 1 

c. 2 

c. 3 

D. 1 

E. 1 

E. 2 

E. 3 

E. 4 

The Solar Zenith Angle 

Sunrise Geometry 

Layer Sunris e 

Abnormal Loop Antenna 

Normal Loop/Whip Antennas 

Polar  Diagram of Normal Loop/Whip Signal 

Great Circle Path 

Block Diagram of V L F  Experiment in July 1964 

Rise and Decay Time Phase  Anomaly Due to High-Q 
Transmitting Antenna 

Block Diagram of V L F  Experiment in November 1964 

Time relations for Gated Receiver Phase  Measure- 
ment 

Page 

46 

50 

52 

54 

56 

56 

57 

60 

__ ._ . 

60 

61 

63 

- viii - 



A. INTRODUCTION 

I 
I 
~ 

I 

VLF recordings of the amplitude and relative phase of the abnormal com- 

ponent of the NSS (21.4 kc/s) skywave were made at Wallops Island, Virginia, 

during the week of 12 July 1964. Also, recordings of the amplitude and phase of 

the normal  and abnormal components were made during the weeks of 8 November 

and 15 November 1964. These ground-based, steep-incidence VLF measure-  

ments complemented D-region rocket experiments by the University of Illinois , 
which were conducted prior to and following ground sunrise  on 15 July, near 

sunrise  on 10 November, near sunset on 19 November, and when the solar  

zenith angle w a s  near 60 degrees  on 19 November. 

were designed by Prof .  S .  A. Bowhill of the University of Illinois to study the 

role  of photodetachment in the lower D-region and the change in ionospheric 

s t ructure  f rom nighttime to daytime. 

ments near vertical  incidence of the downcoming skywave constitute one of the 

most  sensitive ways of determining the diurnal and seasonal variations of the 

lower boundary of the D-region, they proved useful adjuncts to the rocket mea-  

surements .  

I 
The rocket experiments 

Since VLF amplitude and phase measure-  

Following a description of the VLF experimental  technique, the adjust- 

ments of the normal and abnormal antenna systems a r e  described. 

mental  da ta  collected in July and November 1964 a r e  presented with emphasis 

placed on the amplitude and phase variations occurring during the sunr i se  t ransi-  

tion. 

in the lower ionosphere are reviewed, and some examples of theoretical and 

experimental  C-layer electron density profiles are described. 

The experi-  

Next, the cur ren t  s ta te  of knowledge concerning the pre-sunrise  changes 

Severa l  C-layers are assumed having peak electron densities varying 

between 20 and 200 electrons per cm3, and Sen-Wyller formulation of the 

absorption coefficieni; IS utilized t= ccmpiite the non-deviative C -layer absorption 

values; these values are compared with those derived f rom full-wave solutions 

ca r r i ed  out by NEL. 

Deeks are utilized in  a full-wave solution 6ythe Radio and Space Research 

Finally, severa l  electron density profiles derived by 

I Stat ion (S1niigh) to compute the magnitudes of the reflection and conversion 

coefficients as a function of solar  zenith angle. 

measurements ,  non-deviative absorption computations , and the full-wave 

solution a r e  discussed and some tentative suggestions concerning the C-layer 

and the reflection of V L F  waves near vertical  incidence are presented. 

The implications of the V L F  

-1- 
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B. DESCRIPTION O F  EXPERIMENTAL TECHNIQUE 

The electromagnetic field a t  the receiver is composed of a l inearly polar- 

ized ground wave and an  elliptically polarized downcoming skywave. 

ground wave has  its electr ic  vector vertical  and its magnetic vector horizontal 

and perpendicular to the plane of propagation. The skywave may be split intotwo 

linearly polarized components: one, which like the ground wave has the magnet- 

ic  vector horizontal, is  called the normally polarized component (normal com- 

ponent) of the skywave; the other has the electric vector horizontal and is called 

the abnormally polarized component (abnormal component) of the skywave. 

These various field components a r e  shown in Figure l A ,  where the subscripts 

a r e  0 for ground wave, 1 for normal  component of sky wave and 2 for the ab- 

normal  component. 

The 

H O  I 

" I 

FIG. 1 COMPONENTS O F  THE FIELD AT THE GROUND 
(BRACEWELL, la521 

X 
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The total magnetic field a t  the ground is horizontal and, a s  shown in 

Figure lB ,  consists of H 

wave (doubled because of the contribution f rom the reflected wave), and a com- 

ponent 2H2 cos 0, the sum of the horizontally resolved par t s  of the incident and 

ground- reflected abnormally polarized waves. 

the ground wave, 2H1, the normally polarized sky- 0’ 

The measurable quantities a r e  “, the total normal  component, and HA, 
the abnormal component, of the horizontal magnetic field (Figure 1C) and they 

may be expressed as:  

” = Ho + 2H1 

HA = 2H2 cos 8 (2) 

In general, the two vectors a r e  not in the same phase. Their r.esuk, thus,, 

t r aces  an elliptical locus, the horizontal-field ellipse. 

1. REFLECTION AND CONVERSION COEFFICIENTS 

The wave emitted from a VLF transmit ter  (e. g. , NSS a t  21. 4 kc/s) with a 

vertical antenna is  polarized with i ts  e lectr ic  vector parallel  to the plane of 

incidence, but af ter  reflection it i s  polarized with components both parallel  and 

perpendicular to the plane of incidence. 

relative to the incident field, a r e  denoted by the reflection coefficient,,RII and 

the conversion coefficient I, R, . 
assumed model in which reflection takes place sharply from a plane boundary 

with no absorption or  refraction a t  lower levels; and the ground reflection co- 

efficient i s  assumed to be unity. 

The strengths of these components, 

These coefficients a r e  defined in t e rms  of an 

Reflection and conversion coefficients may be calculated from the equa- 

tions 
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where d/S(l) is the ratio of the paths t raversed by the ground and one-hop sky- 

wave; the factor 2bl lows fo r  doubling by ground reflection, the sine and cosine 

factors allow respectively for the transmitter polar diagram and for  resolving 

the magnetic field horizontally a t  the ground, and the superscr ipts  indicate the 

once-reflected wave (Bracewell, 1952). 

2. ISOLATION O F  THE DOWNCOMING WAVE 

The method of investigating the ionosphere by observing the changes of 

phase of the downcoming wave was in use a t  the Cavendish Laboratory (Weekes 

and Stuart ,  1951) for many years ,  and the problems involved in isolating the 

downcoming wave by special antenna systems have been described in detail by 

Best e t  a l . ,  (1936). The method w i l l  be outlined briefly a s  follows: 

In general ,  the electromagnetic field a t  the receiver consists of a ground 

wave with electr ic  and magnetic fields,  Eo and Ho, and a downcoming wave 

incident a t  angle 8 with the normal  component of the electr ic  field (E, associated 

with H1 perpendicular to i t)  in the plane of incidence and the abnormal corn- 

ponent (E, associated with H,) perpendicular to the plane of incidence. The 

downcoming wave i s  completely specified by these two components and the phase 

difference. between them. 

In order  to measure the phase of one component, say E l ,  relative to the 

much s t ronger  ground wave, i t  i s  necessary to separate the two fields. 

isolate the abnormal component, E,, i t  i s  necessary only to use a well-designed 

loop antenna with i ts  plane perpendicular to the plane of incidence. 

To 

If i t  is  desired to observe the normal component, El, a loop antenna is 

positioned so  that i ts  plane i s  in the plane of incidence and i t  receives an emf 

proportional to 

E t 2E1 
0 

A vert ical  whip antenna receives an emf proportional to 

E t 2E1 sin 8 
0 

- 5- 



s o  that these two emf's may be added in the appropriate phase and amplitude s o  

as to  eliminate E 

t o  

and leave in the combined antenna sys tem an emf proportional 
0 

2E1 (1-sin 0)  

If there were  no downcoming wave at a cer ta in  t ime (e.  g . ,  at midday), it 
would be possible to adjust the antenna sys tems to  receive zero signal, and'any 

signal received at other t imes  would represent  the downcoming wave alone. 

Some downcoming wave is 

ment of the antenna systems must then be made by a process of trial and e r r o r .  

Since the downcoming wave changes phase by severa l  complete periods, the 

curve obtained by plotting phase and amplitude of the wave received on the 

antenna system on a polar plot should c i rc le  around the origin if  there is only 

the downcoming wave present. 

however, always present and the optimum adjust- 

If there  is some ground wave present, the curve obtained w i l l  appear t o  

c i rc le  about a point which is separated f r o m  the origin by the vector representing 

the residual ground wave. 

ground wave and the variable downcoming skywave are particularly noticeable 

during sunrise and sunset, when the downcoming wave var ies  steadily with 

t ime. 

effects a r e  no longer noticeable. 

detail in Best et  al. (1936) and Bracewell (1952). 

These interference effects between the constant 

Small adjustments a r e  made on successive days until the interference 

These adjustments a r e  described in more  



C. EXPERIMENTAL RESULTS 

1. V L F  MEASUREMENTS IN J U L Y  1964 

During severa l  hours preceding and following the July 15 rocket f ir ings,  

VLF amplitude and phase data were  recorded manually s o  that a plot of the ab- 

normal phase and amplitude could be prepared quickly. 

amplitude data were plotted on polar-coordinate paper as shown in Figure 2; 

this is called an amplitude-phase diagram, o r  ABLIL which means abnormal 

loop induction locus. 

Initially, the phase and 

An important feature of the ABLIL is the ability to determine accurately 

the extent of the ground wave suppression during the daytime. 

constant ground wave component present,  the daytime ABLIL ( in the fo rm of a 

sp i ra l )  should be centered on the tip of the ground wave vector and its displace- 

ment f rom the origin represents  the magnitude and phase of the ground wave. 

If there  is only a skywave present ,  the locus of the vector should approximate a 

sp i ra l  centered on the origin as the reflecting layer var ies  through the day. At 

night the signal is too e r r a t i c  for this technique to be useful; following sunrise  

the signal generally becomes quite stable and meaningful plots can be obtained. 

If there  is a 

Figure 3 shows an  ABLIL fo r  a 24-hour period between July 16 and 1 7 .  

Note the high degree of variability at night and the reasonably steady behavior 

during the daytime. 

In Figure 4,  the amplitude and phase a r e  plotted as a function of t ime and 

the so la r  zenith angle, around the sunrise transition period for July 15. 

the time variation of the phase during the sunrise  transition is presented for  

July 16. Note that the t ime of ground sunrise  (GSR) and the times of various 

Also, 

layer  sunr i ses  a r e  indicated. One layer sunrise  (LSR) corresponds to the t 

at which the ear th ' s  ~krr lnw reaches the nighttime reflection height of about 

90 km. 
ozone layer!s shadow reaches the nighttime reflection height of 90 km. 

Another layer sunrise  (LSR') corresponds to  the t ime at which the 

F igure  5 i l lustrates the amplitude and phase behavior around the sunr 

me 

s e  

transit ion period fcr  July 17. 

during 'the transition interval. 

recombination mechanism such as that described by Hargreaves (1962); this in- 

terpretation will be discussed in more detail in a subsequent section. 

Note the presence of a plateau in the phase plot 

It is believed that this plateau is caused by a 

- 7-  
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FIG. 2 ABLIL FOR JULY 15, 1964 

TIME - EST 

FIG. 3 ABLIL FOR JULY 16-17, 1964 
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On the basis of the propagation geometry and the measured  amplitudes of 
HA and H , the magnitude of the conversion coefficient was computed a s  a 

function of time from the V L F  data for July 16- 17.  

for the t ime period between 1200 EST on July 16 and 12d0 EST on July 17.  Also 

shown in Figure 6 i s  a plot of the relative phase for the same interval; since the 

phase change relates  to the height change of the reflecting layer ,  the right-hand 

ordinate gives the height change in km. 

0 

Figure 6 i s  a plot of I IJRlI  
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2. V L F  MEASUREMENTS IN NOVEMBER 1964 

Dur ing  the weeks of 8 November and 15 November 1964 recordings of the 

amplitude and relative phase of the normal  and abnormal components were 

made. 

University of Illinois which were conducted near  ground sunrise  on 10 Novem- 

ber ,  near  sunset cin 19 November, and when the solar zenith angle was near  6 0  

degrees on 19 November 1964. 

These measurements complemented D- region rocket experiments by the 

(a) Abnormal Component in November 1964 

The data of November 12, 1964, a r e  presented as a typical day repre-  

sentative of the data for each day of recording in November 1964. An ABLIL is 

shown in Figure 7 to i l lustrate the suppression of the ground wave. In Figure 

8 the amplitude and phase of the abnormal component a r e  plotted as a function 

of time and solar zenith angle. 

near ly  x 
the solar  control of the phase is  evident f rom the log sec  x behavior as  the 

phase advanced about 360° more .  

below the average night amplitude. 

Note the phase did not begin to advance until 

= 90p a t  which t ime it advanced rapidly by about 360°; af ter  this 

The noon amplitude is seen to be about 18 db 

(b) Normal Component in November 1964 

Again the data for November 12 a r e  presented. Figure 9 is a 

NORLIL which means normal  lsop induction locus; this i l lustrates  the suppres - 
sion of the ground wave on the normal  loop/whip system. 

there  is little change in the phade of the nighttime signal until x 
that time the phase begins to advance rapidly by about 360°. 

r i s e  the phase retards  by 35' and then remains constant throughout the day. 

The amplitude of the normal  component is attenuated by about 18 db a t  sunrise 

but then increases  again; the daytime and nighttime amplitude of the normal  
C om 

As seen in Figure 10  

= 90°; a t  * 

Shortly af ter  sun- 

en t a r e appr oximate ly e qual ~ 
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c OR 
D. THEORETICAL CONSIDERATIONS 

1. PRE-SUNRISE CHANGES IN THE LOWER IONOSPHERE 

t 
t 

Most of the observed changes in amplitude and phase of the abnormal com- 

ponent pr ior  to and following ground sunrise were  anticipated and agree  with 

the extensive measurements of Bracewell, e t  al. (1951). F r o m  their  resu l t s ,  

i t  was concluded that waves of frequencies 16-113 kc /s ,  incident near ly  

vertically on the ionosphere, undergo a sudden decrease in amplitude about one 

hour before ground sunrise;  but that no sudden change of phase occurs  until near  

ground sunrise.  

undergo s imi la r  changes of amplitude; but their  phase also s t a r t s  to change 

I 
~ 

I The same waves, propagated over distances of 500-900 km, 

I suddenly about one hour before ground sunrise a t  the midpoint of the propaga- 

tion path. 

angle at  the midpoint of the path was about 98O. 

The start of the amplitude change occurred when the sun's zenith 

The explanation of the first abovementioned sunrise effect is likely a s  

follows. 

e lectrens f rom negative ions is not sufficient to reflect  V L F  waves transmitted 

at near  ver t ical  incidence; hence reflection does not take place at lower levels 

until af ter  ground sunrise .  However, the number of electrons produced is 

sufficient to increase the absorption and the wave is returned with reduced 

amplitude. 

The electron density produced before ground sunrise  by the release of 

Bracewell, e t  a l ,  (1951) reported that the pre-sunrise  effects occur when 

the solar  ultraviolet rays  impinge on the atmosphere at a height of 90 km,  and i t  

can be shown that the solar  rays  would be tangential to a sphere situated about 

30  km above the surface of the ear th  a t  the t ime when the effects a r e  first 3 

noticed. 

Following the work of Bracewell, et al. (1951), Brown and Pe t r i e  (1954) 

considered the effect of sunrise  on the reflection height of iow and very  ZOK fre- 

quency waves. By considering the geometry of the situation, they reasoned that 

the p rocess  of photoionization of atmospheric molecules cannot produce the ob- 

served effect since the relevant wavelengths a r e  absorbed before reaching the 

90 km nighttime reflection height. E o w z i i e ~ ,  they asserted that electrons may 

be removed f rom negative oxygen ions (0;) by visible and near  infrared radia- 

tion which does reach the 90 km level prior to ground sunrise .  Brown and 

-17- 



Pe t r i e  (1954) showed that the pre-sunrise  effect a t  9 0  km w a s  explicable in 

t e rms  of a negative ion, photodetachment phendmenon. 

Moler (1960) stated that photodetachment begins immediately with the il- 

lumination, and the electron densities produced by cosmic rays  quickly change 

from the night to the day values. 

electron density profile develops a t  the position of the grazing solar  rays .  ,When 

the illumination reaches the region of negligible daytime electron densities 

(near 60 km) the sharp discontinuity disappears.  

electron density gradient m the cosmic- say-produced layer is at the daytime 

equilibrium position at the lowest inflection point in the profile. 

r i s e ,  photoionization of nitr ic oxide by Lyman alpha begins and a second sharp 

gradient in the electron density profile is produced above the cosmic-ray-  

produced layer. 

The resul t  i s  that a sharp discontinuity in the 

At  this t ime the maximum 

A t  ground sun- 

Reid and Leinbach (1962) and Reid (1961) suggested that the dominant neg- 

ative ion during twilight was not O,, but some ion with a much la rger  electron 

affinity, requiring, ultraviolet light for efficient photodetachment. The effective 

screening region for ultraviolet light is the ozone layer ,  and when the solid 

ear th  shadow reaches 60 km (at  the midpoint of the propagation path), the 

shadow of the top of this layer is in the neighborhood of 90Akm, the nighttime r e -  

flection level; hence, i t  i s  likely that the effective shadow i s  not that of the the 

solid ear th ,  but of an atmospheric l aye r ,  such a s  the ozone layer.  

ozone layer is practically opaque to wavelengths below about 29 00 Angstroms 

(an energy of 4. 25 ev),  Reid and Leinbach (1962) suggested that the effective . 

negative ion must be one which requires  a t  least  4. 25 ev for photodetachment; 

they have suggested that NO, and 0, a r e  possible candidates. 

Because the 

Around sunrise ,  the cross-modulation observations of Barrington and 

Thrane (1962) require that electron densities of around 100 electrons/cm3 exist 

between 60 and 70 km previous to o r  simultaneously with the appearance of such 

densities between 70 and 80 km; and there is some evidence which might suggest 

that this ionization which appears  between\ 60 and 80 km around sunrise  may - 
have a broad maximum between 60 and 70 km. This conclusion is consistent 

with theoretical predictions by Nicolet and Aikin (1960) and Aikin (1962) which 

consider the production of electrons in the height range from 60 to 80 km by 

cosmic rays .  

heights would increase rapidly due to a photodetachment process .  That electron 

During the sunrise period the density of f ree  electrons a t  such 
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densities created in this manner ,  would occur before ionization at greater  

heights, due to solar  Lyman alpha radiation, is of importance. Moreover, the 

resultant electron densities deduced from observations made a t  midday agree 

fair ly  well in the range from 60 to 75 km with those predicted by Nicolet and 

Aikin (1960), on the basis of these processes.  

2. HOLT'S C-LAYERS 

This section presents some results that were  obtained by Barrington, et  

ai. (1962) and by Holt (1963) with regard to  electron density profiles in the low- 

e s t  ionosphere. Essentially, Holt computed C-layer electron density profiles as 

a function of solar  zenith angles between 90 and 100 degrees;  these profiles were 

deduced from theoretical values for  the variation of electron density with solar  

zenith angle (Reid, 1961). 

of the coefficient of collisional detachment, which determines the rat io  between 

night and day values of the electron density; this coefficient and some of the 

other reaction coefficients involved a r e  not well known, and Holt's calculations 

a r e ,  therefore,  only approximate. 

Of course,  the electron densities depend on the value 

The form of the C-layer at the time of ground sunrise  (or  sunset)  was 

established by Barrington, e t  al. (1962) f rom observations of ionospheric c ross  

modulation. The resulting electron density profile at ground sunrise ,  is shown 

in Figure 11; in addition, Holt's computed profiles are illustrated in  the same 

figure ., 

In a subsequent section of this report, Holt's C-layer profiles a r e  utilized 

in  computations of the non-deviative abosorption of a VLF skywave, ionospheri- 

cally reflected near  vertical  incidence. Also,  Holt's C-layer profiles are  used 

in  conjunction with a nighttime profile to compute the magnitudes of V L F  reflee- 

tion and conversion coefficients, on the basis of full-wave computations by the 

U. S. Navy Electronics Laboratory. 

3. ROCKET C-LAYER PROFILE 

The University of Illinois has conducted D- region rocket experiments a t  

Wallops Island, Virginia, to study the role of photodetachment in the lower D-region 
and the change irr ionospheric structure f rom nighttime to daytime. 

development and decay of the ionosphere up to 160 km at sunrise  and sunset has 

been observed in this s e r i e s  of rocket flights (Bowhill and Kleiman, 1964; 

Bowhill and Smith, 1965). 

The 
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Three flights on the morning of 15 July 1964, at solar  zenith angles of 

about 108, 95 and 85 degrees show the rapid increase of the electron density 

below 85 k m  as solar  ultraviolet radiation illuminates the region. 

A fur ther  flight on the morning of 1 0  November 1964 confirmed the fore-  

going observation. 

The rocket measurements ,  therefore, demonstrated that so la r  visible 

radiation did not resul t  in photodetachment; i t  must  be presumed that the nega- 

tive ions in the D-region a t  night may not be 0, but may be 0; o r  NO;. 

Two rocket flights a t  zenith angles of about 77and95 degrees  on 19 Novem- 

ber  1964 showed that the attachment of electrons a t  sunset takes place rapidly 

and the region can be regarded as being in equilibrium during the transition 

period (Bowhill and Smith 1965). 

The C-layer profile obtained on 1 5  July 1964, when the solar  zenith angle 

w a s  85 degrees ,  is shown in Figure 12. 

sity values were deduced by means of composite probe and propagation experi- 

ments on each rocket payload. 

computations of the non-deviative VLF-skywave absorption. 

It should be noted that the electron den- 

This rocket C-layer profile w i l l  be utilized in 

4. NON-DEVIATIVE ABSORPTION EQUATION 

It is now well known that the discrepancy between classical  magneto-ionic 

theory and generalized theory, in which the energy dependence of the electron 

collision frequency is taken into account, is appreciable in  most  of the 'lower 

ionosphere. 

Sen and Wyller (1960) derived the following expression for the absorption 

coefficient for  propagation along the geomagnetic field lines: 

(Continued on next page) 
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(1) cont'd 

At r iometer  frequencies such that w is grea te r  than v ,  the absorption 

coefficient should be proportional to the collision frequency. 

be shown that, i f  the collision frequency v is grea te r  than the wave frequency w, 

the collisions w i l l  prevent the electrons from moving in the electr ic  field and 

thereby absorbing energy f rom it.  F o r  such high values of v the absorption 

coefficient may be expected to decrease  with increasing v (Hultqvist, 1963). 

However, i t  w i l l  

In equation (1)) v is the collision frequency for monoenergetic electrons m 
of energy k T  (k is Boltzman's constant and T is absolute temperature) and wo 

is the plasma frequency (w2 = 45r N ez/m). Burke and Hara  (1963) have tabulated 
0 

the semiconductor integralsC3 (x> and C 5  (x). 
!2 /2 

If the C-layer electron densit i&s:are of the order  of 100 electrons per 

cm3 o r  l e s s ,  then i t  can be shown that equation (1) can be reduced to the following 

simple expression: 

For a direction of propagation different f rom that of the geomagnetic 

f$eld lines the general  expression for  the complex refractive index given by 

Sen and Wyller has  to be used. 

r igorous with no simplifying assumptions involved in their deduction f rom the 

generalized theory. 

equation ( 2 )  is valid a lso i n  the quasilongitudinal case,  i f  OH is replaced with 

"L L - WH 
and the geomagnetic field. 

The calculations of k a r e  then perfectly 

However, according to Barrington &nd Thrane (1962) 

where w - cos 8,  and 8 is the angle between the direction 6f propagation 

- 23- 



f‘ “Y,(&)N dh 
A(db) = (2 sec e)  1. 15 m-- 

V m 

(3)  

In equation ( 3 ) ,  the t e r m  (2 sec e) is necessary because the reflected VLF 

skywave t ranverses  the non-deviative C-layer twice, and because the angle of 

incidence is 8 degrees .  

h, are the l o w e r  and upper height l imits,  respectively, of the C-layer;  little 

o r  no non-deviative absorption occurs below hl o r  above h,. 

hl = 50 k m  and h, = 80 km, approximately. The angle of incidence assumed 

for  calculations of absorption w a s  45 . However, 8 is about 40 degrees  a t  

nighttime and 50 degrees  during the daytime. 

N is the electron density in electrons per  cm3, hl and 

In practice,  

0 

5. COLLISION FREQUENCY PROFILES 

Figure 13 shows most  of the important determinations of the altitude 

variation of collision frequency, all measurements  having been normalized 

to  values of v m  (Deeks, 1964). Note that the Kane (1961) profile, which is 

frequently assumed in computations of non-deviative absorption, corresponds 

quite closely with Deeks’ profile and that obtained by Fe je r  and Vice (1958). 

In particular,  the resul ts  of Belrose (calculated and f rom part ia l  reflections, 

1962), Hall, Kane (July 1957), Landmark and Lied (August 1962) a re  very  
close, and the resul ts  of Kane (November 1956), Fe j e r  and Vice, Landmark 

and Lied (December 1962), and Belrose (November 1961) a r e  grouped together 

but are about 50 percent smaller than the other values. 

are predominantly measurements  made in the summer  

in winter, this suggests a seasonal variation in  the collision frequency profile. 

A factor of about 2. 5 to 3 is necessary to include all these values of v 

Figure 14 In 
addition, summer  and winter profiles are plotted such that all of the summer 

and winter determinations of v lie between these two profiles. 

ratio of the Kane-to-winter values is 1 . 9 ,  and the rat io  of the summer-to-Kane 

values is 1. 7. 

Since the f i r s t  group 

and the second group 

In m’ 

we have plotted the Kane (1961) profile of collision frequency. 

Actually, the 
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In a la te r  section, the summer  and winter (extreme) collision frequency 

profiles are utilized to compute the non-deviative V L F  skywave absorption 

produced by seve ra l  assumed C-layer,  electron density profiles. Fur thermore ,  

the Fe je r  and Vice profile is used in full-wave calculations to be presented in a 
la ter  section of this report .  

6. RESULTS O F  FULL-WAVE COMPUTATIONS AND NON-DEVIATIVE C- 
LAYER ABSORPTION CALCULATIONS 

In Figure 15, we have plotted Deeks' nighttime electron density profile 

(Deeks, 1964) between 80 and 120 km. 

four of Holt's C-layers with peak electron densities ranging f rom 50 to 200 

electrons per  cm3. 

magnitudes of the reflection R 1 1 )  and conversion ( , I  R I) coefficients based 

on a full-wave computer program, the f ive profiles presented in F igure  15 and 

the propagation conditions which exist  on the NSS to Wallops Island path. 

particular the following parameters  were assumed in  the full-wave computations: 

Between 50 and 80 km, we have plotted 

The U. S .  Navy Electronics Laboratory computed the 

In 

Propagation path length = 145 km 

Wave Frequency = 21.4 kc/s 

Geomagnetic Field Induction = 0. 56 gauss 

Geomagnetic Dip Angle = 70 degrees  

Angle between plane of incidence and geomagnetic 
meridian = 3 0  degrees 

As stated ea r l i e r ,  the collision frequency profile of Fe je r  and Vice, which 

is practically exponential, w a s  assumed in the full-wave computations. 

The resul ts  of the full-wave and absorption computations a r e  presented 
in  Table 1. 

these tabulated resul ts :  F i r s t ,  the magnitude of the reflection coefficient 

( R 

conversion coefficient (,, R 

fo r  zenith angles of 9 8  and 9 7  degrees .  

I t  is interesting to note the following significant poluta coi;zzr.;.,irrg 

) is almost an order  of magnitude lower than the magnitude of the I I  II 
) fo r  Deeks' nighttime profile and Holt's profiles I 

I ,  - 
Second, the reflection coefficient 

- 2 7 -  
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TABLE 1 RESULTS OF FULL-WAVE COMPUTATI OMS BY NEL AND NOM-DEVI AT1 VE C-LAY ER ABSORPTION 

ELECTRON DENSITY 
PROF I LE 

DEEKS' NIGHT 

HOLT ( X  = 1 0 0  

HOLT ( X  98 '  

HOLT ( X  = 97')  

HOLT ( X  = 96 ' )  

HOLT ( X  = 90') 

BOWHILL ( X  = 85') 

0.088 

-- 

0.020 

0 . 0 2 2 3  

0 , 0 2 2 2  

0.01 56 

-- 

FULL-WAVE THEORY 

0 . 4 0 8  

-- 

0 . 2 2 4  

0 1 0 5  

0 . 0 5 2  

0,036 

-- 

DB 

0 

-- 

5 . 1  

12 

1 8  

21 

-- 

ABSORPTION ( O B )  

SUMMER 

0 

1 . 5  

4 . 8  

1 1 . 8  

18.1 

2 0 . 9  

1 .42  

WINTER 

0 

3 . 3  

6 . 3  

1 3 , 5  

21 .3  

2 6 . 7  

1 . 5 4  

magnitude is practically constant a t  0. 02 for  zenith angles of 98, 97  and 96 
degrees .  Third, the non-deviative absorption values for summer  are less 

than the winter values. Fourth,  they compare remarkably w e l l  with the values 

derived f r o m  the conversion coefficient ( R ). That is ,  Deeks' nighttime 

profile is assumed to yield 0 db absorption, and the db absorption values tabulated 

in the column to the right of the 1 1 1  R 11 column a r e  normalized such that they 

represent  the db absorption relative to Deeks' night profile. 

II I 

On the basis of these tabulated values, i t  appears that I I I  R I I  I is not 

I suffers non-deviative absorption because of the presence of the 
very sensitive to changes in the C-layer profile. 

that I 
C-layer below the reflection level of the abnormal component of the V L F  sky- 
'cs'ive. 

reflected f rom the bottom of the C-layer and that the abnormai component is 
reflected f rom the D-layer.  This matter will be discussed in  more  detail in 

a la ter  section of this report .  

However, i t  is quite obvious 

R 
I1 I 

This resul t  suggests that the normal component of the VLF skywave is 



7. DEEKS' ELECTRON DENSITY PROFILES 

D.G. Deeks (1964) estimated how the electron density profiae in  the D- 

region changes as a function of time of day, season, and sunspot cycle, 

assuming an undisturbed ionosphere. 

In Figure 16, electron density distributions for  nighttime and solar  
0 zenith angles f rom 90' 50' to 58 

sunspot number and equinoxes. 

summer  noon (x= 29') profiles. 

be f i r s t  order approximations a t  the latitude of 52 degrees;  and they -represent 

the profiles which have to be assumed to match experimental V L F  resul ts  and 

computed results when Maxwell's equations are solved exactly through the iono- 

sphere.  

and calculated reflection coefficients and phase heights agree  with measured 

values within experimental e r r o r .  

es t imates  of how the profiles change during Undisturbed and sunspot minimum 

conditions in  England. 

52' are presented for the case  of minimum 
0 Figure 17 shows winter noon ( x =  75 ) and 

These profiles a r e  considered by Deeks to 

Most of the full-wave computing has been done at 16 kc/s and 50 kc/s, 

Figure 16 and 17 display order  of magnitude 

The profiles i n  Figure 16 show how the electron density changes between 

ground sunrise and noon a t  equinox and a t  sunspot minimum conditions. 

important feature seems to be that the ionization below 70 kms is produced i n  

the hour before ground sunrise ,  and that above 70 kms is produced in the 2 or 3 

hours after ground sunrise.  

The 

8 .  RESULTS O F  FULL-WAVE COMPUTATIONS BY RADIO AND SPACE 

RESEARCH STATION (SLOUGH) 

On the b a s i s  of Deeks' electron density distributions presented in Figure 

16 and 17, the exponentikl collision frequency profile of Deeks and the 

geometry of the NSS-to-Wallops Island propagation path, the Radio and Space 

Research  Station (Slough, England) computed magnitudes of the V L F  reflection 

and conversion coefficients; these are plotted in Figure 18 as a function of 

solar  zenith angle. 

In this figure, i t  can be Seen that, a t  night, the conversion coefficient 

magnitude is about four t imes that of the reflection coefficient; following 

ground sunrise ( x =  90 ), the conversion coefficidnt magnitude decreases  to 

0. 2 and remains there until about X =  75O; a f te r  this,  i t  drops again to about 

0 
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0 0. 1 a t X =  70' and slowly decreases  t o x  = 30 . 
Figure 18 give the db absorption values relative to the nighttime condition. 

Note that the reflection coefficient magnitude is always less  than the 

The ordinates a t  the right of 

conversion coefficient magnitude, and that it is about 0. 1 during night and day; 

however, the sunrise  and sunset transitions produce a deep minimum (12 db 

below the night value) which is followed a t X =  75O by a maximum (3  db above 

the night value). Following a zenith angle of 70°, the reflection coefficient 

magnitude remains essentially constant and slightly less  than the nighttime 

value. 

The zenith angles for  November noon, equinox noon and July noon, for 

the NSS-to-Wallops Island path, are indicated in Figure 18; these a r e  55O, 38' 

and 16O, respectively. 

It should be noted here  that the 12 November 1964 V L F  data agree  semi-  

quantitatively with the full-wave results shown in Figure 18. 

amplitude of the abnormal component a t  noon is roughly 18 db below the average 

nighttime amplitude; also,  the amplitude increases  following ground sunrise  but 

begins to decrease again starting a t  x = 75 . 
the sunset transition. 

F o r  example, the 

0 This behavior is repeated during 

Concerning the amplitude of the normal component on 1 2  November 1964, 

i t  is significant that nighttime and midday values a r e  quite comparable. 

more ,  during the sunrise  and sunset transitions minima of about 18 db were 

observed; and, a t  ground sunset (x  = 90°) there w a s  a maximum of 3 db above 

the nighttime amplitude. 

Fur ther -  

Hence, there is a suprising consistency between the full-wave resul ts  and 

the November 1964 experimental data. 

- 3 4 -  



E. DISCUSSION O F  RESULTS 

Bracewell and Bain (1952) summarized the resul ts  of a s e r i e s  of 16 kc/s 

propagation experiments made over path lengths f rom 9 0  to 535 km. 

shor te r  paths they found that measured diurnal phase changes could be explained 

in t e r m s  of a relatively strong layer  D, which remained at a constant height 

during the night but descended during the day with decreasing solar  zenith angle. 

F o r  paths longer than 300 k m ,  the received signal showed a rapid change in 

phase during the hour preceding groclnd s-mrise  and the hour af ter  ground sun* 

se t ,  with high phase stability during the intervening hours .  

reflection f rom a weak lower layer  D 
r i s e  and descends to the daytime equilibrium position by sunrise)  dominates the 

propagation mechanism for the longer paths. 

and Bain (1952) model of the diurnal height variations of the layer  D, and D 

observed over England during the equinoxes. 

F o r  the 

They concluded that 

(which appears  about an hour before sun- P 

Figure 19 shows the Bracewell 

P 

One of the significant differences between the English VLF resul ts  and the 

July 1964 data presented in this report  concerns the commencement t ime of the 

pre-  sunr i se  amplitude and phase changes, 

tently reported that the pre-sunr i se  changes s t a r t  when the solar  zenith angle is 

about 98 degrees .  

abnormal  components for E5 July 1964 began a t  about x= 93O; and the decrease 

on 17 July 1964 began around x= 93' to 94O, although the July 17th phase of the 

abnormal component appears  to advance beginning around x= 97O. 

cne must be czutious about stating that the July 17th amplitude decrease  s ta r ted  

a t  x= 93O o r  94O, because of the uncertainties due to the relatively large night- 

t ime amplitude fluctuations s 

1964 data precludes detailed comparisons with the very extensive English r e -  

sults.  

The English workers  have consis- 

However, the pre-sunrise  decrease  in the amplitude of the 

Of course,  

Fur thermore ,  it is obvious that the paucity of July 

In the light of the rocket C-layer electron density profiles measured  by 

Bowhill, e t  al. ( l964),  it is  c lear  that electron detachment effects in the 60-90 

km height interval  occur in the twilight periods.  Fur thermore ,  it is possible to 

detect them by studying the pre-sunrise  changes in V L F  radio waves ionospheri- 

tally reflected nea r  ver t ical  incidence. For 16 ~ L / S  t i z i n s i ~ l i ~ s i ~ ~ s  nve r  fa i r ly  

shor t  ground distances the amplitude does not, on the average, s t a r t  to decline 

until the upper boundary of the solid ear th 's  shadow, moving downward, has 

. .  
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reached an altitude of about 60 km at sunrise (Bracewell, 1952). 

noted that, at the same t ime,  a 30 km ozone layer  shadow is at 90 k m  which is 

the nighttime V L F  reflection height; and this situation corresponds to a solar  

zenith angle of 98 degrees.  It is, therefore,  c lear  that the electron detachment 

in the lowermost,  cosmic-ray-produced C-layer increases  the non-deviative 

attention of the VLF skywave. 

s ta r t s  to advance a few minutes af ter  ground sunrise  (Bracewell ,  e t  a l . ,  1951); 

this means that the C-layer absorption produced pr ior  to ground sunr i se  is unr 

doubtedly non-deviative in nature.  

It should be 

A t  steep angles of incidence, the V L F  phase 

Based on the July 1964 V L F  data,  it is believed that the C-layer  can be 

highly variable in nature  f rom day to day; this variability has  been observed by 

Belrose and Burke (1964) at Ottawa by means of the par t ia l  reflection technique. 

Also, Barrington e t  al. (1963) reported on the diurnal and seasonal variations in 

D- region electron densities derived from observations of c r o s s  modulation; 

their  measurements  showed considerable variation from day to day. 

Deeks (1964) deduced that C-layer peak electron densit ies were  roughly 60 and 

200 electrons per  cm at winter and-summer noon, respectively; this suggests 

a ra ther  significant decrease in C-layer electron densit ies f rom summer  to 

winter,  and i t -may explain the apparent lack of, non-deviative C-layer  absorp-  

tion in the November 1964 V L F  data. 

Also, 

3 

Fur the rmore ,  Gregory (1965) reported on measurements  of electron 

densit ies in the mesosphere Zt Christchurch, N .  Z. (43's); relatively constant 

values exis t  in summer ,  but large variations occur in winter.  

period 21 - 29 June 1963, is.opleths of electron density descended and ascended 

by approximately 10 km, while stratospheric temperatures  rose  and fell  by 

10°C. Gregory be- 

l ieves that "major disturbances of the winter .westerly circulation in the meso-  

sphere ,  pas sibly extending into the lower thermosphere,  cause a redistribution 

of ionizable photo- chemical constituents , part icular ly  by virtue of vertical  mo- 

tion, and possibly through turbulent transport. l t  While the production of elec- 

t rons  in the C-layer is still due to cosmic rays ,  and solar  ultraviolet radiation 

photodetaches eiectrcms from the negative ions, "actual values of electron den7 

sity mus t  now be presumed to be determined by the redistribuiciwii sf ionizable 

constituents and negative ions due to mass t ransport .  

During the , 

Both effects a r e  ascr ibed  to atmospheric ver t ical  motion. 

I t  

The observed plateau in the abnormal phase plot, follow'ing ground sunr  
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r i s e  on July 17, is believed to be due to a recombination effect similar to that 

described by Hargreaves (1962) and Wagner (1964). 

sunrise  it is necessary to take nonequilibrium conditions into account; that is, 

Hargreaves (1962) considered the aeronomic processes  of the lower D-region, 

and predicted a par t ia l  decay of ionization following sunrise.  In t e r m s  of V L F  

propagation, this would cause a temporary ampiitude decrease  and temporary 

phase retardation (reflection height increase) ,  following the formation of the 

cosmic-ray-produced layer (C-layer) in the lower D-region. 

noted that the temporary layer was more  apparent in winter than in summere  

and w a s  variable f rom day to day, also. 

They pointed out that near  

Hargreaves (1962) 

Therefore,  following ground sunrise ,  we should expect to find that the V L F  
amplitude decreases while the phase re ta rds  (reflection height increases)  slightly; 

that is exactly what appears to happen in the July 17 phase and amplitude plots 

Note the gradual increase of the amplitude during the 60-minute period following 

ground sunrise. 

followed by a further phase advance which m a y  be attributed to the lowering of the 

upper D-layer; this layer is probably formed by the photoionization of atmospheric 

ni t r ic  oxide by so lar  Lyman-alpha radiation. 

Fur thermore ,  the phase plateau observed in these data is then 

Hargreaves (1962) showed that i f  the ra t io  of the negative ion density and 

electron density was greater  at night than in the daytime, and i f  the electron 

recombination coefficient exceeded the ion recombination coefficient, then the 

electron density in  the C-layer should be grea te r  at sunrise  than when the layer 

has reached equilibrium; therefore,  recombination with positive ions in the lower 

D-region near sunrise appears to be the explanation f o r  the temporary plateau 

observed in  the July 17 phase data. 

day equilibrium C-layers predicted by Hargreaves.  

Figure 20 shows the theoretical  sunrise  and 

,, 

In connection with, the above mentioned recombination effect  in  the C-layer, 

it should be noted that the phase of the normal  component (November 1964 data) 

exhibits a similar effect; that i s ,  following ground sunrise,  the normal  component 

phase advances temporarily and then re ta rds  slightly to a daytime equilibrium 

value. The difference between the phase near  ground sunr i se  and the daytime 

equilibrium phase is roughly 70 degrees;  this corresponds to an apparent height 

change of 2 km,  which is consistent with the height change postulated by Har-  

greaves.  
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F I  G. 20 THEORETICAL C-LAY ERS 

Based on thefull-wave computations, the calculations of non-deviative C- 

layer absorption, and the experimental V L F  data,  it is suggested that only the 

abns rma l  component of the NSS skywave suffers  non-deviative absorption; this 

is apparent f r o m  Table 1 which compares thz fd l -wave  resul ts  and the values 

of non-deviative absorption f o r  various assumed C-layers.  
coefficient magnitude is not very sensitive to changes i n  the C-layer,  while 

the conversion coefficient magnitude var ies  in a manner consistent with the 
non-deviative absorption caused hy the C-layer e lectron density. 

the November V L F  data,  for  the normal component, r evea l  that the phase is 

essent ia l ly  constant during the daytime; this suggests that the reflecting layer 

is not subject to solar control. 

The reflection 

Fur thermore ,  

Therefore, i t  is believed that the normal  
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component is reflected f rom the bottom of the C-layer (which is produced by 

galactic cosmic rays)  and that the abnormal component is reflected f rom the 

D-layer which is indeed under the direct  control of solar  Lyman-alpha radiation. 

Finally, i t  should be noted that the amplitude of the normal  component 

i n  November is about the same during daytime and nighttime with the 

exception of the sunrise  and sunset transitional periods. 

apparent i n  Figure 18 which i l lustrates the variation of the reflection coefficient 

magnitude as a function of the solqr zenith angle. 

coefficient is consistently greater  than the reflection coefficient, and that their 

magnitudes approach each other a t  the lower zenith angles; this resul t  ,suggests 

that the downcoming skywave polarization is not c i rcular  in general ,  but that 
c i rcular  polarization is closely approached a t  summer  noon. 

This behavior is very 

Also, note that the conversion 

t 
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F. CONCLUSIONS 

To summarize,  we have examined the resul ts  of ground-based, steep- 

incidence V L F  measurements conducted concurrently with D-region rocket 

experiments, and obtained reasonable agreement between theory and experiment. 

The chief conclusions applicable to this particular theoretical and experimental 

work a r e  as follows: 

1. Amplitude and relative phase measurements of the normal and abnormal 

components of the downcoming V L F  skywave a r e  most  useful adjuncts to D- 

region, d i rec t  rocket measurements.  

2. The rocket electron density profiles enable a calibration of the V L F  

measurements  against actual electron density-height profiles; i t  has been 

difficult to interpret  VLF measurement of skywaves due to the uncertainties 

associated with full-wave solutions of the coupled wave equations. Having an 

actual profile available on one or  two occasions may well se rve  to illuminate 

the whole problem. 

3 ,  Computation of the non-deviative, C -layer absorption utilizing rocket 

electron density profiles, and comparison of the absorption measured by means 

of a steep-incidence V L F  experiment enables one to calibrate the in si tu measure-  

ments of electron density vs.  height, assuming a plausible collision frequency 

profile is used. 

4. Non-equilibrium conditions in  the C-layer a t  sunrise  may be observed 

indirectly by means of VLF measurements;  in particular the effect of electron 

recombination with positive ions may be discerned in the V L F  phase data 

following ground sunrise.  

acmi-quantitatively with Hargreaves'  prediction that the lower D-region (C-layer) 

electron density decays to a daytime equilibrium valiie f d h v f n g  ground sunrise .  

The magnitude and duration of this effect agree  

5. It is probable that the abnormal component of the VLF skywave is 

reflected f rom the D-layer and suffers non-deviative absorption in t ravers ing 

the C - h y e r  during the daytime. 

6 .  It is probable that the normal component of the VLF skywave is 

reflected f rom the bottom of the C-layer during the daytime. 
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7. The polarization of the downcoming VLF skywave is elliptical, in 

general;  however, near summer  midday, full-wave computations reveal  that 

the normal and abnormal component magnitudes a r e  about equal. 

8 .  The daytime and nighttime magnitudes of the normal component a r e  

roughly equal; this is consistent with the full-wave resul ts  which reveal  that 

the daytime and nighttime reflection coefficient magnitudes a r e  about equal. 

There a r e  exceptions to this in both the theory and experiment 
sunrise and sunset transitions. 

during the 

9. There is a high degree of variability in C-layer electron densities 

f rom day to day and season to season 

extent of non-deviative C-layer absorption of the V L F  skywave. 

as manifested by the highly variable 

10. The pre-sunrise  decrease i n  the amplitude of the abnormal component 

of the V L F  skywaye is a very sensitive indication of the extent of the C-layer 

electron density, The July 15 and 17 data revealed pre-sunr i se  amplitude 

decreases  commencing a t  solar  zenith angles of about 93 and 98  degrees ,  

respectively, whereas the November data revealed no apparent pre  -sunrise  

changes in either amplitude or  phase. At this time, i t  is not apparent What 

mechanism produces the amplitude decrease commencing a t  x =  93 to 94 degrees;  

it is suspected that there is a dear th  of detachable negative ions in the 60 to 80 

km height r a n g e  

vertical  motions in the atmosphere. 

because of a redistribution of negative ions by means of 

11. The pre-sunrise  drop  in  the abnormal amplitude of the VLF skywave 

is a very useful precursor ,  and the extent of the decrease  permits one to 

make rough estimates regarding the C-layer electron densities. 

this precursor  may be utilized as a trigger in future rocket electron density 

experiments to study the variability and formation of the C-layer of the iono- 

sphere.  

Fur thermore ,  

12.  There is a need for additional V L F  amplitude and phase measurements 

a t  various angles of incidence; the pre-sunrise  decrease  in the V L F  amplitude, 

cbmmencing around x =  93 to 94 degrees ,  requi res  fur ther  study because this 

effect  has not been reported by other workers.  

-42-  



1 ACKNOWLEDGEMENTS 

This r e sea rch  was sponsored by the National Aeronautics and Space Ad- 
I ministration under Contract NASW- 11 09. The authors acknowledge the en- 

couragement of Prof .  S . A .  Bowhill, of the University of Illinois, who suggested 

the steep-incidence V L F  measurements  a t  Wallops Island. 

M r .  R. Christie of the Radio and Space Research Station (Slough, England) and 

Dr.  J .  S. Belrose of the Defense Research Telecommunications Establishment 

(Ottawa, Canada) for  their  helpful suggestions regarding the adjustment of the 

abnormal  loop antenna. Also, the authors gratefully acknowledge the coopera- 

tion and full-wave computational resul ts  generously furnished by Mr .  J. A .  

Ratcliffe, Mr .  D.G. Deeks, and Mr.  B . R .  May at the Radio and Space Re- 
search  Station (Slough), and by Dr. E. E. Gossard and Mr .  W .  F. Moler a t  the 

U. S. Navy Electronics Laboratory in San Diego, Calif. 

W e  wish to thank 

I 
~ 

I 

-43- 
Reverse (page 44) Blank 



APPENDIX A 

SOLAR ZENITH ANGLE 

The equation relating the zenith angle of the sun  ( x )  to the observer ' s  

position on the ear th ,  the hour of day, and the solar  declination has been given 

by Chapman (1931) and Swider (1962) as: 

cos  X = cos 6 cos 9 s in  e t s in  6 cos e 

where 

x = so lar  zenith angle 

6 = so lar  declination 

4 = hour angle 

8 = colatitude of observer  

In t e r m s  of the observer ' s  latitude ($) ra ther  than the colatitude, 

cos  x = cos 6 cos Jr cos t s in  6 s in  fl (see Fig.  A. 1) 

As the zenith angle of the sun is dependent on the so l a r  declination, the 
hour angle corresponding to each Xvalue var ies  with the seasons.  

angle and hour angle must  be calculated for each day of interest .  

over a period of a week is only 4 minutes in December and is negligible in June; 

therefore ,  the calculation has  been made only once for  each s e r i e s  of V L F  mea- 

surements .  

The zenith 

The variance 

The reflection point of the NSS-Wallops path is located at 38' 28' N, 75O 
Local noon and solar  declination a t  the reflection point a r e  as follows: 58' W. 

Date Solar  Declination Local Noon (EST) 

July 15, 1964 + 2 l 0  32O 12:lO 

=.t-- ~ y u v - .  15,  1964 - 1 8 O  19'  11 :48 
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P = REFLECTION POINT 
(b= LATITUDE OF P 
Z = EARTH'S AXIS 

F I G .  A . l  THE SOLAR ZENITH ANGLE 

\ 
\ 

F o r  these days the Eas te rn  Standard Times of various zenith angles are 

as follows: 

X(degrees )  

100 

95 

90 

85 

80 

75 

70 

60 

July 15, 1964 Nov. 15, 1964 

0350 - 2018 

0421 - 1947 

0451 - 1917 

0519 - 1849 

0546 - 1822 

0613 - 1754 

0640 - 1728 

0713 - 1654 

0559 - 1741 

0621 - 1714 

0649 - 1647 

0718 - 1617 

0747 - 1549 

0819 - 1516 

0840 - 1456 

1001 - 1335 
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At local noon (4 = 0) the zenith angle is a t  its minimum value and the 

sun is due south. The equation of the zenith angle for this case  is: 

cos X: = cos 6 cos (0') cos fl t sin 6 s in  fi 
= cos (fi - 6) 

or  

F o r  the VLF reflection point (near Cambridge, Mil. ) the minimum zenith 

angle for each case is: 

Date 

July 15, 1964 

Nov. 15, 1964 

Autumnal Equinox 

Vernal Equinox 

Summer Solstice 

Winter Solstice 

X min. Local Noon (EST) 

16' 56' 12:lO 

56' 47' 11 :48 

38' 28' 11 :56 

38' 28' 12: l l  

15' 01' 12:06 

61' 55' 12:02 
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APPENDIX B 

SUNRISE GEOMETRY 

F o r  steep-incidence V L F  propagation, three meanings can be associated 

with the term sunrise .  

sun's rays  are tangent to the earth's surface below the reflection point, or  x = 
90'. 

reaches bhe nighttime reflection height of about 9 0  km. 

(LSR') corresponds to the time at which the ozone layer 's  shadow reaches 90 km 

(Fig. B. 1). 

report .  

Ground sunrise  (GSR) refers to the t ime a t  which the 

Layer sunrise  (LSR) corresponds to the time at which the -earth*s shadow 

Another layer sunrise  

The ozone layer 's  height has been assumed to be 30 km in this 

Each  of the various sunr i ses  has a particular value of x associated wi th  

i t .  F r o m  Figure B. 2 it may be seen that solving each right triangle associated 

with a sunr i se  for  a w i l l  yield x since 

ON x = 9 O o t  a, a n d c o s  a is -. 
O P  

F o r  our work a spherical  ear th  of radius 6371 km has been employed. 

as finding the x value associated with each sunrise ,  we have a l so  followed 

the ea r th  and ozone layer shadows to a 50 km reflection height and calculated 

the associated x values; they are as follows: 

As well 

Earth 's  Shadow 
R gf le c't i o n 

Point Height 

95 km 

9 0  km 

85 km 

80 km 

75 km 

7 0  km 

65 km 

60 km 

99' 51' 

99O 34' 

99O 2' 

99' j9 :  

98' 45 '  

98' 27' 

98' 9 '  

97' 5 0 ' '  

-49-  

Ozone Layer 
Shadow 

98' 8 '  

97O 49 '  

97' 29' 

97' 8' 

96' 46'  

96O 23' 

95O 59' 

95O 31' 

(Continued on next page) 
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I 
Ozone Layer 

Shadow 
Reflection 

Point Height 
X 

Earth's Shadow 

55 km 

50 k m  

97' 30' 

97O 9 p  

95O 3' 

94O 31'  

One should note that the earth's shadow is at 60 km when the ozone 

layer's shadow reaches 9 0  km, the nighttime reflection level.(Fig. B.  2). 
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APPENDIX C 

ADJUSTMENT O F  THE ANTENNA SYSTEMS 

Abnormal Loop System 

The loop antennas used a r e  manufactured by the Stoddart Aircraf t  Radio 

company for use with low-frequency field intensity meters .  

have shown this antenna to be well balanced and have negligible vertical  effect. 

A toroidal t ransformer is used immediately after the loop to t ransform f rom 

push-pull (balanced) to single-ended coaxial line to the receiver .  

former  was found to have greater  than 80 db common-mode rejection. 

Measurements 

This t rans-  

To facilitate adjustment of this antenna, a m i r r o r  is  mounted in the plane 

of the loop as shown in F ig .  C. 1. At a distance of about 100 ft. f rom the loop 

antenna, a surveyor 's  t ransi t  is erected,  leveled, and turned to  the azimuth of 

the propagation path, the great-circle  path f rom transmit ter  to receiver .  The 

antenna is then oriented so that the cross  ha i r s  in the eyepiece of the t ransi t  

telescope a r e  centered on the image of the t ransi t  telescope in the m i r r o r .  

perience has shown this adjustment to be satisfactory in rejecting the ground 

wave. 

Ex- 

Normal Loop/Whip System 

The normal  loop is orientated with i ts  electrical  plane paral le l  to the 

plane of incidence; in this position it receives an emf proportional to the normal  

component, E,, of the downcoming skywave. However, in this position the 

normal  loop is also responsive to the ground wave, Eo ,  and it receives an emf 
proportional to 

E t 2 E l  
0 

A vert ical  whip antenna receives an emf proportional to 

E t 2E1 sin 0 
0 

where 8 is the angle of incidence of the skywave. 

appropriate phase and amplitude so as to eliminate Eo and leave an emf 

proportional to 

These two may be added in the 
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FIG. C.1 ABNORMAL LOOP ANTENNA 
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I 2 El  (1 - sin e )  

For  utmost long-term stability, the normal loop and whip signals should be 

added employing passive circuitry only; preamplifiers should be employed only 

after addition. 

Experience has shown that aperiodic c i rcui t ry  is essential  p r ior  to the 

addition because even minor drifting of tuned circuits wil l  introduce phase and 

amplitude changes which upset the cancellation of E 
0' 

1 
The technique used for the addition of the normal  loop and whip signals i s  

shown in Figure C. 2. 

to lower its impedance. 

of low capacitance cable (RG-62/U) connecting the whip to the phase-shifter and 

The whip is  fabricated of thin-wall aluminum tubing 

, Allowance has been made for approximately 10 feet 

l adder circuitry.  An electrical  ground plane is provided for the whip to ensure 

I stability. 

~ 

Initially, the loop-whip system is adjusted fo r  a minimum signal a t  noon 

when the downcoming skywave amplitude is a t  a minimum. 

amplitude controls a r e  adjusted for  a null. 

ground wave being approximately equal to the normal  skywave vector. 

one o r  two days of data a t  this setting it i s  possible to draw a polar (phase- 

amplitude) diagram of the recorded vector. 

Induction Locus. 

vector. 

of the residual ground wave with respect to  the normal  skywave. 

The phase and 

This will  resul t  in the residual 

With 

This i s  a NORLIL o r  Normal Loop 

It should sp i ra l  about the tip of the residual ground wave 

The apparent center of the NORLIL designates the phase and amplitude 

Final adjustment of the normal  loop-whip system is just  a matter  of 

adjusting the phase and amplitude controls until the vector recorded is of the 

s a m e  phase and amplitude a s  that anticipated f rom the evidence of the NORLIL. 

Refer to  Figure C. 3. 

difference in frequencies of the standard oscillator and the NSS frequency. 

Experience at Wallops Station has shown that adjustment of the whip phase 

shifter for  90° is not sufficient. 

of buried conductors in ilie area (Fnwer cables,  telemetry wires ,  runway 

reinforcements,  etc. )- 

Care must  be taiceii to z1vmys include the effects of the 

This has been attributed to the large number 
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F I G .  c . 3  POLAR DIAGRAM OF NORMAL LOOP/WHIP S I G N A L  
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APPENDIX D 

PROPAGATION PATH AZIMUTH 

The importance of knowing the azimuth of the propagation path a t  the 

receiver has already been pointed out in  order to adjust the abnormal loop 

quickly. Finding this azimuth involves using spherical  trigonometry. The prop- 

agation path is the grea t  c i rc le  path from transmitter to receiver .  ' 

The solution of this problem is found in  Marine and Air Navigation by J .  W. 

Stewart and N. L. P ie rce .  

a t  latitudes and longitudes LA, LoA, LB, LoB,respectively, we a r e  required 

Given two points A and B (transmitter and receiver)  

to find the grea t  c i rc le  distance betweenthem, DAB and angle C 

Introducing an auxiliary angle R defined by 

(Fig.  D. 1). B 

tan R = cot L cos LoAB B 

P 

FIG. 0 . 1  GREAT C I R C L E  PATH 
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where LoAB is the difference in longitudes of A and B. The g rea t  c i rc le  course 

at B, the receiver,  is then specified by CB, given by 

cot CB = cot LoAB cos (LB t R)  cosec R. 

The grea t  circle distance is then found f rom 

cot Dm = tan (LB t R)  cos CB. 

C is given by the same equation as C A B' i. e . ,  

cot CA = cot LoAB cos (L t R) cosec R .  A 

In performing all these computations s t r i c t  regard mus t  be had to the 

signs of the quantities. 

hemispheres,  the Latitude of one must  be regarded as negative with respect  

to the other, and they must  be marked with opposite signs.  

If the points of receiver  and t ransmit ter  are in different 

The coordinates of transmitter and receiver  for  the NSS-Wallops path 

a re :  

Wallops Main Base 37O 55.9O N, 75O 28. 3 '  W 

I /  NSS - Annapolis, Md. 3 8 O  59.4'  N, 76' 27. 8 '  W 

The distance between NSS and Wallops is lo 18.1'  o r  145 km, and the 

bearing a t  Wallops is N-36' 28. 1' - W true.  



APPENDIX E 

RECEIVING SYSTEM 

V L F  INSTRUMENTATION IN J U L Y  1964 

The block diagram of the s teep-incidence VLF instrumentation utilized 

The abnormal loop is oriented with i ts  in July 1964 is shown in F igure  E. 1. 

e lectr ical  plane perpendicular to  the plane of incidence and the ear th ' s  surface.  

The received signal is peak-detected 

reference frequency derived by means of a standard oscillator and frequency 

synthesizer.  Outputs of the peak detector and phase me te r  a r e  then applied to 

the duai-channel char t  recorder .  Consequently, relative amplitude and phase 

of the abnormal skywave component a r e  recorded. Additionally, one-minute 

timing pulses a r e  applied to the chart  paper to facilitate scaling of the data. 

and phase-compared with a standard 

VLF INSTRUMENTATION IN NOVEMBER 1964 

In November, both the abnormal and the normal s kywave components 

were recorded. As described previously, the normal antenna system responds 

to the normal  skywave reduced by E l s i n e  ('0 = angle of incidence). The normal  

sys tem responds to E l  (1-  - sin e),  where E l  is the downcorning normal skywave 

component; this is approximately equal to .Os 3 El  

arriving f rom all directions 

suf fers .  

This was overcome by designing and building a gated receiver .  

However, noise which is 

is l i t t le affected and the signal-to-noise ra t io  

At t imes,  the low signal/noise ra t io  makes data scaling difficult. 

Most VLF stations t ransmit  conventional CW Morse traffic. The keying 

simply gates the master oscillator s o  the code elements are:phase coherent. 

Nevertheless, the keying complicates the receiver  design. The second 

complication caused by the Morse code is due a l so  in par t  to the typically high 

Q or' che 'vrLF trzzsrnitting antennas. 

become very rounded o r  '!soft. ( f l  

pulses during rise and fall times. 

is a record  of the output of a phase meter during the transmission of conventional 

Morse  code. 

The Q is so  high that the code elements 

The resul t  is a shift in t h e  phase cf the code 

This effect is shown in Figure E. 2 which 

A block diagram of the sys tem used in November is show:: iz Figure E. 3 .  

A whip antenna, feeds the ground wave of NSS (plus some normal  skywave) to 

an Eddystone VLF receiver .  

changes in signal amplitude deteriorating sys tem performance. 

The IF output is peak detected and clipped to avoid 

The signal is 
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1 MC/S STANDARD 
FREQUENCY OSC, 

PEAK DETECTOR 

i 

FIG.  E .1  BLOCK DIAGRAM OF VLF EXPERIMENT I N  JULY 1964 

41 

" PHASE ANOMALY" 

CHART RECORDER 

FIG.  E . 2  R I S E  AND DECAY TIME PHASE ANOMALY DUE TO H I G H 4  TRANSMITTING ANTENNA 
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delayed and then used to f i r e  a monostable multivibrator. 

vibrator ON times a r e  chostn so that the multivibrator is ON only during the 

constant-phase region of the Morse code elements. 

shown in Figure E. 4. 

the shortest  element. 

The delay and multi- 

These t ime relations a r e  

Each Morse element i s  t reated a s  i f  i t  were  a Morse dot, 

A reed relay,  controlled by the multivibrator, switches the output of the 

phase meter  ac ross  a capacitor on1.y during the t imes of constant phase. 

other t imes the relay opens and the capacitor holds i t s  charge.  

r emembers  the phase between those t imes when i t  can be read accurately. 

At 

The capacitor 

The technique for m e a s u i n g  ampiitude is very s imilar .  The relay closes 

during a flat-topped portion of each dot o r  dash and the capacitor i s  charged by 

a peak detector each time. If the amplitude drops,  the capacitor w i l l  discharge 

through the switch, 

l 
Each capacitor drives a DC amplifier having a high input impedance. Us- 

ing a 1 pf capacitor results in a 100-second memory. 

not reduce the system time constant; the capacitor can charge o r  discharge 

through the switch within the duration of Morse dot. 

a t  the capacitor, i s  limited only by the ra te  at which Morse code is sent. 

This t ime constant does 

The sys tem response t ime, 

I The DC amplifiers couple the capacitor voltage to a f i l ter ,  The amplitude 

f i l ter ,  which has a one-second time constant, smooths variations due to noise 

and provides a cleaner,  more  accurate record.  

peak-signal level and i s  not affected by the duty cycle of the t ransmi t te r .  

phase-output filter a lso has a t ime constant of one second. 

f i l ter  i s  a DC voltage directly proportional to  phase. 

This system responds to the 

The 

The output of this 

Since the phase me te r  is 

l a synchronous detector, the system S/N and resolution is improved by this post- 

detection integration. 
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